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Abstract

Mouse Double Minute homolog 4 (MDM4) gene upregulation often occurs in human
hepatocellular carcinoma (HCC), but the molecular mechanisms responsible for its induction
remain poorly understood. Here, we investigated the role of the phosphoinositide-3-kinase/v-akt
murine thymoma viral oncogene homolog/mammalian target of Rapamycin (PI3K/AKT/mTOR)
axis in the regulation of MDM4 levels in HCC.

The activity of MDM4 and the PI3K/AKT/mTOR pathway was modulated in human HCC cell
lines via silencing and overexpression experiments. Expression of main pathway components was
analyzed in an AKT mouse model and human HCCs.

MDM4 inhibition resulted in growth restraint of HCC cell lines both in vitro and in vivo.
Inhibition of the PI3K-AKT and/or mTOR pathways lowered MDM4 protein levels in HCC cells
and reactivated p53-dependent transcription. De-ubiquitination by ubiquitin-specific protease 2a
and AKT-mediated phosphorylation protected MDM4 from proteasomal degradation and
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increased AKT protein stability. The eukaryotic elongation factor 1A2 (EEF1A2) was identified as
an upstream inducer of PI13K supporting MDMJ4 stabilization. Also, we detected MDM4 protein
upregulation in an AKT mouse model and a strong correlation between the expression of EEF1A2,
activated/phosphorylated AKT, and MDM4 in human HCC (each rho>.8, P<.001). Noticeably, a
strong activation of this cascade was associated with shorter patients' survival.

Conclusions—The EEF1A2/PI3K/AKT/mTOR axis promotes the protumorigenic stabilization
of the MDM4 protooncogene in human HCC via a post-transcriptional mechanism. The activation
level of the EEF1A2/PI3BK/AKT/mTOR/MDMA4 axis significantly influences the survival
probability of HCC patients in vivo and may thus represent a promising molecular target.

Keywords
Liver cancer; oncogene; tumor suppressor gene; functional inactivation

Introduction

The tumor suppressor p53 plays a pivotal role in the regulation of cell cycle, apoptosis,
metabolism, and genetic stability in mammalian cells.! Thus, it is not surprising that
inactivation of p53 is one of the most frequent events during human carcinogenesis, with
p53 mutations occurring in about 50% of all human cancers.? In contrast to other cancer
types, p53 mutation frequency in hepatocellular carcinoma (HCC) shows a substantial
geographical variation. Indeed, HCC display a surprisingly low frequency of p53 mutations
in Western countries, ranging between 10 to 20%, whereas up to 50% of HCC samples from
Southeast Asia harbor p53 mutations.3-> Such a different frequency is mainly due to the
exposure to certain etiological agents (e.g. aflatoxin B1).% Nevertheless, although point
mutations represent the most common mechanism responsible for p53 inactivation in cancer,
additional mechanisms achieving the same effect in the absence of p53 mutations have been
described. Functional inactivation of wild-type p53 by post-transcriptional mechanisms such
as phosphorylation and proteasomal degradation has been demonstrated in various human
cancers, including HCC.# In mammalian cells, the activity of wild-type p53 is mainly under
control of its negative regulator protein, Mouse Double Minute homolog 2 (MDM2), which
maintains p53 at low levels, thus allowing the growth of normal cells. MDM2 is able to bind
to the transactivation domain of p53 and promotes its proteasomal degradation by
functioning as an E3 ligase.”:8 Another p53 binding-protein, Mouse Double Minute 4
(MDM4, MDMX, or HDMX), has been identified in mammalian cells.%19 Due to its
sequence homology to MDM2, MDM4 can also bind to the N-terminal transactivation
domain of p53 and act as a repressor of p53 transcriptional activity.11 Noticeably,
amplification of the MDM4 gene locus and MDM4 overexpression have been described in a
variety of human cancers, mostly those harboring a wild-type p53 gene.12 Recently, we have
reported MDM4 gene locus amplification in human HCC, which was associated with its
transcriptional upregulation. Functional experiments further emphasized the oncogenic
properties of MDMA4 in supporting cell growth and proliferation in vitro.13 However,
chromosomal gains did not explain the increased MDM4 activity observed in HCC samples
with a balanced MDM4 gene locus. A number of protein kinases have been reported to be
involved in the regulation of MDM4. Indeed, phosphorylation of MDM4 by Ataxia
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Teleangiectasia Mutated and Checkpoint Kinase 2 has been shown to promote its
destabilization in response to DNA damage in vitro.141 Less is known about the positive
regulation of MDM4 activity by phosphorylation. In a recent study, Lopez-Pajares and
colleagues found that the v-akt murine thymoma viral oncogene homolog (AKT) kinase
specifically phosphorylates MDM4 at serine residue 367, leading to its stabilization in

vitro. 18 The phosphoinositide-3-kinase (PI3K)/AKT pathway regulates many cellular
processes, including cell proliferation, survival, growth, and motility that are critically
altered during tumorigenesis. Increasing evidence indicates that activation of AKT signaling
is a crucial event in human hepatocarcinogenesis.1’-12 Here, we investigated the possible
crosstalk between MDM4 and the PI3K/AKT pathway in hepatocarcinogenesis by using in
vitro and in vivo approaches. We found that upregulation of the eukaryotic elongation factor
1A2 (EEF1A2) promotes the stabilization of MDM4 in human HCC via a post-
transcriptional mechanism involving the AKT/mammalian target of Rapamycin (mTOR)
signaling pathway.

Material and Methods

Human Tissue Samples

Five normal livers, 48 HCCs harboring wild-type p53, and corresponding peritumorous non-
neoplastic liver tissues (PT) from a previous study were used.20 Patient characteristics are
shown in Table 1. Liver tissues were kindly provided by Snorri S. Thorgeirsson (National
Cancer Institute, Bethesda, MD). Institutional Review Board approval was obtained from
participating hospitals and the National Institutes of Health.

Hydrodynamic Injection and Mouse Treatment

Wild-type FVB/N mice were subjected to hydrodynamic injection as described previously.1’
Briefly, 10 ug of the pPCMV/SB and pT3-EF1la-HA-myr-AKT constructs in a ratio of 1:25
were diluted in 2 mL of 0.9% NaCl, filtered, and injected into the lateral tail vein of seven
week old mice in 7 to 9 seconds. Injected mice were monitored and sacrificed in groups after
12 weeks and 28 weeks. An additional group of AKT-injected mice was subjected, four
weeks after hydrodynamic injection, to administration of either vehicle (n=4) or Sirolimus
(Rapamune; 5 mg/kg, n=5) by oral administration for 5 days. Liver tissue was harvested 5
hours after the last dose. Sirolimus was obtained from the UCSF Pharmacy. Mice were
housed, fed, and treated in accordance with protocols approved by the Committee for
Animal Research at the University of California, San Francisco.

Cell lines, transfection, xenograft model, and treatments

Culturing conditions, transfections of human HCC cell lines, xenograft model, and treatment
with specific inhibitors were performed as described in Supplementary Materials.

Western Blot Analysis and Immunoprecipitation

Liver tissues were processed as reported in Supplementary Materials. The primary
antibodies used are shown in Supplementary Table 1.
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Tissue microarrays and immunohistochemistry

The tissue microarray (TMA) and the immunohistochemical analyses are described in the
Supplementary Materials.

Quantitative Real-Time Reverse-Transcription Polymerase Chain Reaction

Quantitative Real-Time Reverse-Transcription Polymerase Chain Reaction was performed
as reported previously.2! Primer sequences are listed in Supplementary Table 2.

Statistical Analysis

Statistical analyses were performed as reported in the Supplementary Materials.

Results

MDM4 sustains the growth of HCC cells via p53-dependent and independent mechanisms

Previous findings indicated that oncogenic activity of MDM4 is due to its ability to
inactivate the transcriptional function of the p53 tumor suppressor gene.1! To test the
relevance of MDM4 for HCC cell growth in vitro, HuH6 and HepG2 (harboring wild-type
p53) as well as HUH7 and Hep3B cells (harboring mutated or deleted p53) were subjected to
MDM4 silencing via siRNA (Fig. 1A-C). Suppression of MDM4 led to growth restraint in
all cell lines tested, due to decreased proliferation and increased apoptosis (Fig. 1B/C). The
in vivo relevance of these findings could be confirmed using a xenograft mouse model (Fig.
1D). In addition, double inhibition of MDM4 and p53 using gene-specific sSiRNAs partially
rescued the effect of MDM4 knockdown in HepG2 cells, while HUH7 cells remained largely
unaffected (Suppl. Fig. 1). Suppression of MDM4 resulted in a strong increase of p53 target
genes, including p21 and PUMA, in p53 wild-type cell lines, with little or no changes in
expression of the same genes in p53 mutant cell lines (Fig. 1A). Treatment with the MDM4
inhibitor SJ-172550, which disrupts the binding between p53 and MDM4,22 resulted in a
dose-dependent growth inhibition and upregulation of p53 target genes only in cell lines
with wild-type p53, with no appreciable effects on the same parameters in cell lines with
mutant p53 (Fig. 1A, Suppl. Fig. 2-5). On the other hand, transient overexpression of
MDM4 in the SNU423 cell line, harboring a mutant p53 gene, resulted in growth
acceleration in vitro (Suppl. Fig. 6; P <.01). Altogether, these data indicate that MDM4
promotes the growth of HCC cells in a p53-dependent and -independent manner.

PI3K-AKT signaling is involved in the regulation of the MDM4 protein levels in HCC

Since it has been shown that the AKT serine/threonine kinase can stabilize MDM4 in
various cancer cell lines,16 we assessed the role of the PI3K-AKT pathway in the regulation
of MDM4 in human HCC cells lines. For this purpose, we performed a time-course
experiment using the PI3K inhibitor LY294002 in the same cell lines. MDM4 protein
decrease started 4 h after treatment and MDM4 protein levels remained low compared to
DMSO treated (control) cells for at least 24 h. This effect was observed in all analyzed cell
lines independently of the p53 gene status and was paralleled by a decrease in MDM?2
protein in HepG2 and HuH7 cells (Fig. 2A, Suppl. Fig. 7). Gene specific siRNA-mediated
targeting of AKT1 and/or AKT2 isoforms (Fig. 2C, Suppl. Fig. 8/9) confirmed the
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involvement of the PI3K-AKT axis in the regulation of the MDM4 protein levels.
LY294002 treatment did not affect MDM4 mRNA levels (Fig. 2B, P >.05), suggesting that
the PI3K pathway regulates MDM4 expression through a post-transcriptional mechanism.
Importantly, the decrease in MDM4 protein levels was associated with the reactivation of
p53-dependent transcriptional activity, as determined by quantitative RT-PCR of several p53
target genes in HepG2 cells (p53 wild-type; Fig. 2B). Indeed, a strong and significant
increase of p21 mRNA was recorded in LY294002 treated cells as early as 4 h after
treatment (2.27 £ 0.57 vs. 1.0 £ 0.02 in DMSO-treated cells; P <.05). Similar effects were
observed for the BCL2-associated x protein (BAX; at 8 h; 1.26 + 0.07 vs. 1.0 £ 0.02,
respectively; P <.01), the BCL2 binding component 3 (PUMA,; at 4h: 1.44 + 0.02 vs. 1.0 £
0.07, respectively; P <.01), and the MDM2 (at 8h: 1.55 + 0.10 vs. 1.0 £+ 0.03, respectively; P
<.01).

The mTOR pathway cooperates with PI3K/AKT signaling to stabilize MDM4

Since AKT activation can lead to the induction of the mTOR signaling,1® we next analyzed
whether the mTOR pathway contributes to the regulation of MDM4. Treatment with the
mTOR complex 1 (mMTORCL) inhibitor, Rapamycin, resulted in a significant reduction of
MDM4 protein levels in HCC cells. The specificity of the Rapamycin effect was confirmed
by the decreased phosphorylation of the downstream mTORC1 target, ribosomal protein S6
kinase (RPS6K) (Fig. 2D, Suppl. Fig. 10). In addition, treatment with P1103 (a PI13K-,
MTORC1-, and mTORC2-multikinase inhibitor) efficiently knocked down the MDM4
expression in HCC cell lines for at least 48 h (Fig. 2E, Suppl. Fig. 11) and significantly
reduced the cell viability of HepG2 and Hep3B cells after 24 h (40% and 42% reduction
compared to DMSO-treated controls, respectively; P <.01) and 48 h (62% and 71%
reduction compared to DMSO-treated controls, respectively; P <.01; Fig. 2F) following
treatment. The influence of both branches of the mTOR pathway (mMTORC1 and mTORC?2)
on the regulation of the MDM4 protein level was further confirmed by siRNA-mediated
silencing of regulatory associated protein of mMTORC1 (RAPTOR) and RAPTOR
independent companion of MTORC2 (RICTOR; Suppl. Fig. 12).

The EEF1A2 oncogene induces MDM4 upregulation via AKT activation

Recently, we have found that EEF1AZ2 is frequently upregulated concomitant with MDM4 in
human HCC and exerts oncogenic functions.13 Since EEF1A2 has been described to
promote its protumorigenic effect at least partly through activation of the AKT
protooncogene,23 we assessed whether the same applies to HCC. Noticeably, siRNA-
mediated silencing of EEF1A2 in human HCC cells resulted in decreased phosphorylation
of AKT and RPS6K. Additionally, MDM4 levels were markedly decreased (Fig. 3A). As a
consequence, transcription of p53 target genes was significantly upregulated (p21: 2.9-fold,;
BAX: 1.9-fold; PUMA: 1.5-fold, and MDMZ2: 2.8-fold compared to scrambled-treated cells,
each P <.05), while the MDM4 mRNA level was even lowered (Fig. 3B). Conversely,
forced overexpression of EEF1A2 in HuH6 cells by transient transfection led to growth
acceleration and reduction of apoptosis (Fig. 3D/E; P <.01), which were paralleled by
activation of AKT and upregulation of MDM4 (Fig. 3C). The changes induced by EEF1A2
overexpression were almost completely reverted by the treatment with the AKT1/2 inhibitor
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(Fig. 3C-E; P <.01). Altogether, the present data indicate that EEF1A2 promotes MDM4
upregulation via AKT-dependent mechanisms in HCC cells.

AKT stabilizes MDM4 and prevents its degradation

To explore the molecular mechanism responsible for MDM4 downregulation, we analyzed
its protein stability following inhibition of PI3K (by using the PI3K inhibitor LY294002),
with and without simultaneous inhibition of protein biosynthesis using cycloheximide. A
significant decrease in MDM4 protein levels was detected in HepG2 cells after combined
treatment with LY294002 and cycloheximide, when compared to the administration of
either LY 294002 or cycloheximide alone after 8 and 24 hours, respectively (P <.05; Fig. 4A,
Suppl. Fig. 13), thus confirming a profound impact of the PI3K-AKT pathway on the
stability of the MDM4 protein in human HCC cells. To assess whether active AKT signaling
may protect MDM4 from proteasomal degradation, we pharmacologically inhibited the
proteasome activity using MG132 while treating HepG2, Hep3B, or HuH7 cells with
LY294002. Interestingly, MG132 treatment rescued the decrease of the MDM4 protein level
observed following LY294002 single treatment (Fig. 4B). This protective effect was
observed in all cell lines analyzed, indicating an underlying p53- and MDM2-independent
molecular mechanism.

Since ubiquitination is a crucial step in flagging proteins for proteasomal degradation and
the ubiquitin-specific protease 2a (USP2A), which acts as a de-ubiquitinase, was recently
reported to be induced by AKT in human HCC,7 and to protect MDM4 from proteolysis,24
we explored a possible protective effect of USP2a on the MDMA4 protein levels. We not only
detected decreased MDM4 protein levels after SIRNA-mediated silencing of USP2a in the
Focus cell line (expressing high levels of USP2a),17 but we were also able to co-
immunoprecipate USP2a and MDM4 indicating their interaction, which was impaired
following USP2a knockdown (Fig. 4C). Also, since a direct interaction between MDM4 and
AKT in various tumor cell lines was documented in vitro,16 we evaluated whether the same
occurs in human HCC cell lines. Immunoprecipitation analyses confirmed a physical
interaction between AKT and MDM4 in human HCC cells indicating that MDM4 is a
substrate of AKT kinase activity in human HCC. Of note, the interaction between MDM4
and AKT was significantly decreased when the protein lysates were incubated with lambda
protein phosphatase (which removes phosphate groups from phosphorylated serine,
threonine, and tyrosine residues in proteins) prior to immunoprecipitation (Fig. 4D). The
latter observation indicates that MDM4 requires to be phosphorylated in order to bind to
AKT.

The crosstalk between AKT and MDM4 was further investigated in the human HLE cell line
stably overexpressing AKT1.17 The latter cell line showed increased levels of AKT, pAKT,
and MDM4 when compared with the non-transfected counterpart (Fig. 4E). Of note,
suppression of MDM4 by siRNA induced a much stronger growth inhibition in HLE cells
stably-transfected with AKT1 when compared with untransfected cells (Fig. 4F, P <.01).
These results indicate that the cell growth properties of AKT on HCC cells depend, at least
partly, on MDM4.

Hepatology. Author manuscript; available in PMC 2015 May 01.
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Activation of the EEF1A2-AKT-MDM4 cascade has functional relevance in vivo and is
associated with shorter patients' survival
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To investigate whether activated AKT signaling stabilizes MDM4 also in vivo, we took
advantage of the recently generated AKT mouse model of hepatocarcinogenesis, which has
been shown to express elevated protein levels of the de-ubiquitinase USP2a.1” Increased
protein levels of activated/phosphorylated AKT, USP2a, and MDM4 were detected by
Western blotting in 12 and 28 weeks old AKT mice compared to wild-type littermates (Fig.
5 A,B; each P <.001). Also, a strong correlation between AKT phosphorylation and USP2a
expression was observed (Spearman's rho=0.88, P <.001), pAKT and MDM4 protein
expression (Spearman’s rho=0.93, P <.001), and USP2a and MDM4 protein expression
(Spearman's rho=0.91, P <.001), while the mRNA levels of MDM4 were not altered in AKT
mice compared to the wild-type controls (3.3 £ 0.6 respectively 2.9 + 0.7 vs. 3.2 £ 0.5; each
P >.05; Fig. 5C). Immunohistological analyses revealed an upregulation of MDM4 in
pAKT-expressing neoplastic lesions in AKT mice (Fig. 5D). Of note, treatment of AKT
mice with the mTORCL inhibitor Rapamycin resulted in downregulation of p-AKT, USP2a,
and MDM4, as assessed by Western blot analysis (Fig. 5E).

Finally, to investigate whether the EEF1A2-PI3K-AKT-mTOR-MDM4 cascade is relevant
in human liver tumors, we analyzed the expression of the main signaling components in a
collection of human HCCs (n=48). Using Western blotting, we observed a significant
increase of EEF1A2 protein expression in human HCCs compared to normal liver (NL) and
peritumorous, non-neoplastic liver tissue (PT; 66 + 2 (NL) vs. 82 £ 2 (PT) vs. 285 + 16
(HCC); P <.001). This upregulation was paralleled by an upregulation of pAKT (46 + 4
(NL) vs. 83+ 1 (PT) vs. 254 + 15 (HCC); P <.001; Fig. 6A/B), USP2a (36 = 8 (NL) vs. 44 £
2 (PT) vs. 190 + 10 (HCC); P <.001; Fig. 6A/B), and MDM4 (69 + 5 (NL) vs. 72 + 2 (PT)
vs. 226 = 13 (HCC); NL/PT vs. HCC: P <.001; Fig. 6A/B), while p21 protein levels were
significantly reduced in human HCCs (255 + 10 (NL) vs. 242 + 4 (PT) vs. 110 + 8 (HCC);
NL/PT vs. HCC: P <.001; Fig. 6A/B). Survival analysis revealed that high levels of
EEF1A2, pAKT, USP2a, and MDM4 associate with a shorter survival of HCC patients after
liver resection (each p<.001; Fig. 6C). In univariate analyses, tumor size was the only
clinico-pathological parameter that showed an association with patients' survival in the
investigated cohort. Indeed, patients with tumors larger than 3 cm showed a median survival
time of 15 months, compared to 51 months for patients diagnosed with smaller tumors
(HR=2.20, p-value=0.04). In multivariate analysis high level of EEF1A2, pAKT, USP2 and
MDM4 were clearly associated with a shorter patients' survival (Table 1). Importantly,
correlation analyses revealed a strong positive association between EEF1A2 and pAKT (rho:
0.87, P <.001), EEF1A2 and USP2a (rho: 0.76, P <.001), EEF1A2 and MDM4 (rho: 0.88, P
<.001), pAKT and USP2a (rho: 0.74, P <.001), pAKT and MDM4 (rho: 0.94, P <.001),
USP2a and MDM4 (rho: 0.80, P <.001), while a strong negative association was recorded
between EEF1A2 and p21 (rho: -0.75, P <.001), pAKT and p21 (rho: -0.75, P <.001),
USP2a and p21 (rho: -0.66, P <.001), and MDM4 and p21 (rho: -0.79, P <.001). These data
were further substantiated by immunohistological analysis of an independent HCC cohort
(n=76; Supplementary Materials), which revealed a positive association of EEF1A2 and
pAKT immunostaining (rho: 0.27, P <.05), EEF1A2 expression and nuclear MDM4
expression (rho: 0.41, P <.001), nuclear MDM4 and p53 (rho: 0.23, P <.05), and p53 and

Hepatology. Author manuscript; available in PMC 2015 May 01.
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p21 immunosignals (rho: 0.76, P <.001), while expression of MDM4 and p21 revealed a
significant inverse association (rho: -0.79, P <.001; Fig. 6D).

Thus, our data clearly show that the activation of the EEF1A2-AKT-MDM4 cascade has not
only functional relevance in vivo, but its activation level has strong impact on the survival
time of HCC patients.

Discussion

MDM4 is one of the main negative regulators of p53 that blocks its transcriptional activity
upon binding to its N-terminal transactivation domain.1 Recently, MDMA4 has been
identified as a candidate oncogene in human liver cancer due to its frequent upregulation in
HCC specimens.1® MDM4 inhibition resulted in growth restraint of HCC cell lines both in
vitro and in vivo. However, the finding that targeting MDM4 in p53-wildtype HUH6
xenografts only resulted in a moderate reduction of tumor growth compared to p53-deficient
cells was unexpected. Besides less efficient engrafting of p53-wildtype cells, we observed a
significant reduction of shMDM4 expressing cells as determined by reduced GFP levels in
shMDM4- compared to shNC-treated cells and pre-injection controls indicating that the
MDM4 knockdown resulted in selection of shMDM4-negative cells (Suppl. Fig. 14). As this
finding may affect the translational potential of MDM4 targeting therapies and data on p53-
independent functions of MDM4 are limited,2® future studies are needed to dissect p53-
dependent and —independent functions of MDM4.

Although amplification of the MDM4 locus is an important mechanism leading to MDM4
upregulation, elevated protein levels of MDM4 are also present in HCC samples without
MDM4 amplification.13 In accordance with the latter finding, emerging evidence indicates
that additional molecular mechanisms, such as phosphorylation or ubiquitination can
modulate the activity and the protein turnover of MDM4 as well.14.1524 Here, we
demonstrate for the first time that activation of the PI3K-AKT-mTOR pathway promotes the
upregulation of MDM4 in human HCCs. Pharmacological targeting of the AKT
(LY294002) and the mTOR (Rapamycin) pathway alone or in combination (P1103) not only
blocked the downstream signaling cascade, but also resulted in a marked downregulation of
the MDMJ4 protein expression. The strongest effect was observed when PI13K, mTORC1,
and mTORC?2 activities were silenced simultaneously. The relevance of the AKT-mTOR
axis for the protumorigenic activity of MDM4 was further demonstrated in a mouse model
overexpressing a constitutively active form of AKT in the liver. In this model, we found that
active AKT alone is sufficient to induce MDM4 protein levels in vivo. Furthermore, the
treatment of AKT mice with Rapamycin prevented MDM4 overexpression, likely due to
reduced MDM4 biosynthesis. Accordingly, Rapamycin treatment resulted in reduced
activity of the eukaryotic translation initiation factor 4E in colon carcinoma cells, which
impaired the translation activity and resulted in decreased MDM2 protein levels.26 A similar
mechanism may be involved in the mTOR-mediated regulation of MDM4 in human and
murine HCC. Since the MDM4 transcription was neither significantly altered following
inhibition of PI3K-AKT-mTOR signaling in vitro nor in the AKT mice, a post-
transcriptional mechanism is presumably responsible for the downregulation of the MDM4
protein expression. Indeed, co-administration of the proteasomal inhibitor MG132 rescued
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the reduced MDM4 protein levels after LY294002 treatment supporting a post-translational
mechanism. In particular, the half-life of the MDM4 protein was significantly decreased
after silencing of the PI3K-AKT pathway in vitro, suggesting an important role of the AKT
kinase in protecting MDM4 from proteasomal degradation. We were able to identify two
independent mechanisms that increase the stability of the MDM4 protein, namely the
protection of MDM4 from degradation and its phosphorylation by AKT. Indeed, we showed
that USP2a physically interacts with MDM4 in human HCC cells and that downregulation
of USP2a reduces the MDM4 protein levels, suggesting that the USP2a-mediated de-
ubiquitination of MDMA4 inhibits its proteolysis. In addition, we were able to demonstrate a
direct interaction between phosphorylated MDM4 and AKT in vitro, supporting the idea that
MDM4 might be phosphorylated by AKT in human HCC cells, as it has been reported for
several other tumor types.16 A schematic model of the EEF1A2-mediated posttranslational
stabilization of MDM4 is shown in Fig. 7. Interestingly, recent studies indicated that the
phosphorylation of serine 367 by AKT results in the stabilization of MDM4, while
phosphorylation of this residue by CHK2 promotes its degradation, implying an important
role of the molecular/cellular context in the regulation of MDM4 protein levels.16:27 Since
there was no correlation between MDM4 phosphorylation at serine 367 and MDM4 protein
levels both in human and AKT mouse tissues (Calvisi et al., data not shown), other, so far
undefined serine residues may regulate MDM4 stability in HCC.

Using array-based comparative genomic hybridization and the definition of minimal
overlapping regions, we have previously identified EEF1A2 as a candidate oncogene in
human hepatocarcinogenesis.13 Recent data indicated that EEF1A2 overexpression is a
hallmark of prostate and ovarian cancer and plays an important role in mammary
carcinogenesis.?8-30 In particular, EEF1A2 has been reported to induce the activation of
AKT protooncogene in breast cancer and rat cell lines.23 Here, we demonstrate that the
siRNA-mediated silencing of EEF1A2 results in reduced levels of pAKT and pRPS6K.
Also, we found that EEF1A2 overexpression was strongly associated with upregulation of
pAKT and MDM4 protein levels in human HCC samples. These data imply that the
protumorigenic upregulation of EEF1A2 in human HCCs activates AKT and mTOR
signaling, which in turn promote the functional inactivation of p53 via stabilization of the
MDM4 protein. Importantly, a strong activation of the EEF1A/PISK/AKT/mTOR-MDM4
axis was associated with shorter survival of HCC patients. Since PI3K, AKT, and mTOR
inhibitors that are well tolerated in tumor patients (including HCC) have been
developed,31-33 human HCC patients, whose tumors show activation of AKT or mTOR
signaling, should benefit most from targeting these pathways. In these patients suppression
of the AKT/mTOR cascade may result in both, the inhibition of the protumorigenic effects
driven by AKT/mTOR as well as the induction of tumor-suppressive effects following p53
reactivation. In order to substantiate this intriguing hypothesis and to analyze the p53-
dependency of targeting this pathway, HCC patients treated with inhibitors of PI3K-AKT-
mTOR signaling should be the tested for p53 mutation and surrogate markers of AKT/
mTOR pathway activation, such as phosphorylation of AKT and RPS6K in tumor tissue.
Biopsy-based HCC diagnosis prior to respective future clinical trials, as routinely performed
in other human cancers, may support predictive testing and rational inclusion of patients
likely to benefit more form PI3K-AKT-mTOR inhibition.
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In summary, by using in vitro and in vivo approaches we provide evidence that the EEF1A2/
PI3K/AKT/mTOR cascade supports the protumorigenic upregulation of MDM4 in human
HCC through a post-transcriptional mechanism involving AKT-mediated phosphorylation of
MDM4 and USP2a de-ubiquitination. The degree of activation of the EEF1A2/PI3K/AKT/
mTOR/MDMA4 axis has impact on the survival probability of HCC patients in vivo and may
thus represent a promising molecular target.
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Abbreviations

AKT v-akt murine thymoma viral oncogene homolog

BAX BCL2-associated x protein

cDNA complementary DNA

CHX cycloheximide

EEF1A2 eukaryotic elongation factor 1A2

HBV Hepatitis B virus

HCV Hepatitis C virus

HCC hepatocellular carcinoma

MDM2 Mouse Double Minute homolog 2

MDM4 Mouse Double Minute homolog 4

mTOR mammalian target of Rapamycin

MTORC mammalian target of Rapamycin complex

p21 cyclin-dependent kinase inhibitor 1A (CDKN1A, Cip1)
p53 tumor protein p53

PI3K phosphoinositide-3-kinase

PUMA BCL2 binding component 3

RAPTOR regulatory associated protein of mTOR, complex 1
RICTOR RAPTOR independent companion of mTOR, complex 2
RPS6K ribosomal protein S6 kinase

SCR scrambled siRNA
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shMDM4 shRNA targeting MDM4
shNC neutral control ShRNA
siMDM4 siRNA targeting MDM4
USP2a ubiquitin-specific protease 2a
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Fig. 1.
MDM4 exerts protumorigenic effects via p53-dependent and —independent mechanisms. (A)

MDM4, p21, and PUMA mRNA levels following siRNA-mediated silencing of MDM4
(dark grey bars) in HuH6 (p53- wildtype), HepG2 (p53-wildtype), Hep3B (p53-deleted), and
HuH7 (p53-mutated) cells and after treatment with SJ-172550 (20uM, black bars), a blocker
of the MDM4-p53 interaction. Induction of p53 target genes is only observed in HCC cell
lines with p53 wild-type alleles. The values shown are normalized against the transfection
reagent. (B) Both siRNA-mediated silencing of MDM4 (dark grey bars) and SJ-172550
treatment (black bars) reduces proliferation and (C) increases apoptosis in HCC cells
(normalized against oligofectamine-treated cells). (D) 5 x 106 cells transfected with either
an shRNA targeting MDM4 (shMDM4) or a neutral control ShRNA (shNC) were
subcutaneously injected into the flank of NOD/SCID mice (HuH6: n=14; HuH7, Hep3B: n =
12 tumors). Tumor formation and growth was significantly reduced in shMDM4 transfected
cells (upper panel; * P <.05). Reduced MDM4 expression is seen in tumor tissues derived
from shMDM4 transfected HCC cells (lower panel). In addition, p53 levels are decreased in
shMDM4-expressing HuH6 and HuH7 cells, while MDM2 expression is lowered in HUH6
and Hep3B cells.
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AKT and mTOR signaling are involved in the regulation of MDM4 protein expression. (A)
The PI3KInhibitor LY294002 reduces the phosphorylation of AKT and the MDM4 protein
levels in all three HCC cell lines in a time-dependent manner. This effect is associated with
reduced MDM2 and increased p53 expression in HepG2 and HuH7 cells. Note, the p53-
deficient Hep3B cells do not express the p53-target gene MDMZ2. The lower panel shows the
results from densitometric analysis. * P < .05 (B) LY294002 treatment induces the mRNA-

expression of p53 target genes (p21, PUMA, M

DM2, P < .05), while the transcription of

MDM4 is not significantly affected (P > .05). Dark grey bars represent DMSO treated and
light grey bars represent LY294002-treated HepG2 cells. (C) Validation of the influence of
AKT signaling on MDMA4 protein levels by treating HepG2 cells using isoform specific
siRNAs against AKT1 and AKT2. (D) The mTORC1 inhibitor Rapamycin reduces the
phosphorylation of RPS6K and the MDM4 protein levels in HepG2 cells. (E) P1103 inhibits
activation of both AKT- and mTOR signaling, abolishes the expression of MDM4 and
MDM2 and increases the p53 level in HepG2 cells in a time-dependent manner. (F) P1103
treatment significantly reduces the cell viability in HepG2, HuH7 and Hep3B cells

compared to DMSQO treated cells, respectively (* P <.05). In HepG2 cells siRNA-mediated
inhibition of p53 significantly reduces the effect of P1103 treatment on cell viability (#P <.
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05). Abbreviations: C, untreated control; D, DMSO; LY, LY294002; OF, oligofectamine
control; SCR, scrambled siRNA; R, rapamycin; PI, P1103; sil, siRNA targeting AKT1; si2,
SiRNA targeting AKT2.
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Fig. 3.
EEF1A2 is involved in the regulation of MDM4 protein expression. (A) siRNA-mediated

knockdown of EEF1A2 expression diminishes the activation of both AKT- and mTOR
signaling via reduction of PI4KB expression, which leads to reduced MDM4 protein
expression. Upper panel: representative Western blots; lower panel: relative protein
expression according to densitometric analysis of Western blots normalized against p-Actin
expression and oligofectamine control. *siEEF1A2 vs. OF and SCR, P < .05; #OF vs. SCR,
P < .05. (B) Reactivation of p53 function following siRNA-mediated silencing of EEF1A2
is indicated by activation of p21, BAX, puma, and MDM2 mRNA expression (P < .05). (C)
Western immunoblotting following EEF1A2 cDNA transfection in HuH6 cells. The
EEF1A2 induced upregulation of MDM4 can be rescued by pharmacological inhibition of
AKT1/2. (D/E) Transfection of EEF1A2 increases the proliferation (D) and reduces the
apoptotic rate (E), which can be partially prevented by AKT1/2 inhibition. * EEF1A2 cDNA
vs. Mock, P < .05; # EEF1A2 cDNA vs. EEF1A2 cDNA + AKT1/2 inhibitor, P < .05.
Abbreviations: C, untreated control; OF, oligofectamine control; SCR, scrambled siRNA;
P14KB, phosphatidylinositol 4-kinase beta; SIEEF1A2, siRNA targeting EEF1A2; AKT Inh.,
AKT1/2 inhibitor.
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Fig. 4.
Mechanisms involved in the post-transcriptional regulation of MDM4. (A) Densitometric

analysis of the immunoblots following LY 294002 and/or CHX treatment. AKT signaling
promotes stabilization of the MDM4 protein as indicated by significantly reduced MDM4
protein levels following LY294002 treatment of HCC cells with CHX-induced termination
of protein biosynthesis (8h: 0.60 + 0.001 compared to 0.36 £ 0.001 in CHXtreated controls,
P<.05; 24 h: 0.60 £ 0.01 vs. 0.29 £ 0.01, respectively, P<.05). (B) Inhibition of proteasomal
degradation rescues the MDM4 protein levels after LY294002 treatment of HCC cells.
Lower panel: densitometric analysis of Western blots. *DMSO vs. LY 294002 or LY 294002
+MG132, P <.05; #LY294002 vs. LY294002 + MG132, P < .05 (C) USP2a physically
interacts with MDM4 and siRNA-mediated silencing of USP2a reduces the MDM4 protein
levels indicating that USP2a-mediated deubiquitination is involved in the stabilization of the
MDM4 protein. (D) Co-immunoprecipitation demonstrating a physical interaction between
AKT and MDM4 in HCC cells. Preincubation with lambda protein phosphatase reduces the
AKT-MDMA4 interaction. (E) Western immunobloting following transfection of in HLE cells
using an AKT1 cDNA with/without simultaneous siRNA inhibition of MDM4. (F)
Transfection of AKT1 increase the proliferation (upper panel) and decreases the apoptotic
rate (lower panel), which can be rescued by siRNAmediated knockdown of MDM4.
Abbreviations: BP, blocking peptide; C, untreated control; CHX, cycloheximide; D, DMSO;
IB, immunoblot; Inh, inhibitor; incubation with lambda protein phosphatase and
phosphatase inhibitor; IP, immunoprecipitation; A\PP, lambda protein phosphatase; LY,
LY294002; MG, MG132; SCR, scrambled siRNA; PC, positive control; siUSP2a, siRNA
targeting USP2a.
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Upregulation of MDM4 in AKT mice. (A) Representative Western blots in wild-type and
mice (12 and 28 weeks old). (B) The densitometric analyses reveal a co-regulation of pAKT,
USP2a, and MDM4, while the MDM4 transcription (C) is not altered between wild-type and
animals. (D) Representative immunohistochemicial stainings of wild-type (left panel) and
AKT (right panel) for pAKT (upper panel) and MDM4 (lower panel). Original
magnification: 20x. (E) Representative Westernblots in AKT transgenic mice treated with
vehicle or Rapamycin. Abbreviation: wks, weeks; WT, wildtype.
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Fig. 6.
Dysregulation of the EEF1A2-AKT-MDMA4 axis in human HCC. (A) Representative

Western blots of lysates prepared from NL, PT, and HCC and immunoblotted with the
indicated antibodies. (B) Western blot optical densities were normalized to B-actin values
and expressed in arbitrary units. (C) Survival probability of human HCC patients depends on
the expression level of EEF1A2, pAKT, and MDMA4. The number of patients at risk is
indicated in the lower part of the survival plots. (D) Representative immunohistochemical
stainings of the tissue microarray. High EEF1A2 expression is associated with
phosphorylation and thus activation of AKT, which stabilizes MDM4. Despite nuclear p53,
there is neither upregulation of p21 nor apoptosis induction (cleaved Caspase 3). Original
magnification: 40x. Abbreviations: NL, normal liver, PT, peritumorous non-neoplastic liver.
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Fig. 7.
Schematic drawing of the EEF1A2-mediated activation of PI3/AKT/mTOR-signalling that

results in posttranslational stabilization of MDM4 via AKT-mediated phosphorylation and
USP2a-mediated deubiquitination.
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